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Palate fusion is a complex process that involves the coordination of a series of cellular changes including cell death and epithelial to
mesenchymal transition (EMT). Since members of the Snail family of zinc-finger regulators are involved in both triggering of the EMT and
cell survival, we decided to study their putative role in palatal fusion. Furthermore, Snail genes are induced by transforming growth factor h
gene (TGF-h) superfamily members, and TGF-b3 null mutant mice (TGF-b3/) show a cleft palate phenotype. Here we show that in the
wild-type mouse at the time of fusion, Snail is expressed in a few cells of the midline epithelial seam (MES), compatible with a role in
triggering of the EMT in a small subpopulation of the MES. We also find an intriguing relationship between the expression of Snail family
members and cell survival associated to the cleft palate condition. Indeed, Snail is expressed in the medial edge epithelial (MEE) cells in
TGF-b3/mouse embryo palates, where it is activated by the aberrant expression of its inducer, TGF-b1, in the underlying mesenchyme. In
contrast to Snail-deficient wild-type pre-adhesion MEE cells, Snail-expressing TGF-b3 mutant MEE cells survive as they do their
counterparts in the chick embryo. Interestingly, Slug is the Snail family member expressed in the chick MEE, providing another example of
interchange of Snail and Slug expression between avian and mammalian embryos. We propose that in the absence of TGF-h3, TGF-h1 is
upregulated in the mesenchyme, and that in both physiological (avian) and pathological (TGF-b3/mammalian) cleft palates, it induces the
expression of Snail genes promoting the survival of the MEE cells and permitting their subsequent differentiation into keratinized stratified
epithelium.
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Introduction shelf (medial edge epithelium, MEE) strongly adhere toThe formation of the secondary palate in mammals
involves the orchestration of several processes to produce
the correct separation of the oral and nasal cavities. The first
morphological sign of the secondary palate is the presence
of two bilateral outgrowths that arise from the medial aspect
of the maxillary process of the first branchial arch. They are
already visible in the mouse at embryonic day 11 (E11) and
they grow down both sides of the tongue until E14, before
heading upward to approach one another around E14.5.
Once they meet, the epithelia covering the tip of each palatal0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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E-mail address: anieto@cajal.csic.es (M.A. Nieto).form a thick midline epithelial seam (MES; Ferguson,
1988). The cells rapidly intercalate (Tudela et al., 2002)
and then disappear through the combination of programmed
cell death (Cuervo et al., 2002; Martı´nez-A´lvarez et al.,
2000a; Mori et al., 1994; Taniguchi et al., 1995), epithelial
mesenchymal transformation (EMT; Fitchett and Hay, 1989;
Griffith and Hay, 1992; Martı´nez-A´lvarez et al., 2000a;
Shuler et al., 1992), and migration to the oral and nasal
palatal epithelia (Carette and Ferguson, 1992). Finally, the
epithelia covering the oral and nasal sides of the palate
differentiate into pseudostratified ciliated columnar cells
(nasal) or stratified squamous keratinized epithelium (oral)
(Ferguson, 1988). Two areas of mesenchymal condensation
are observed both sides of the midline as early as E14.5 in
Fig. 1. Snail expression in the mesenchyme during mouse palate development. Mouse heads (A–D and K) and sections (E, G, I) were hybridized with a Snail
probe. (F, H, J, and L) show histological sections stained with hematoxylin–eosin (F, H, and J) or a mix of light green, orange G, and acid fuchsin (L). (A) At
E13, Snail is expressed in the medial aspect of the palatal shelves (arrows) and in both the primary palate and secondary nasal septum (arrowhead). (B)
Expression is maintained at E14, although it is absent at the most posterior part of palatal shelves. (C) When palatal shelves have partially adhered, the absence
of Snail transcripts from the posterior half of the palate is more evident. Note the absence of Snail expression in the midline. A similar pattern is observed at
E15 (D). When analyzed on sections, Snail expression is apparent in a core of loose mesenchymal cells in the palatal shelves at E13 and E14 (E, G), but the
MEE is completely devoid of Snail transcripts. When palatal shelves have adhered and fuse at E15, Snail expression is especially evident in two areas, both
sides of the midline (I) that correspond to condensed areas of mesenchyme (J). Snail expression disappears (K) as the two mesenchymal condensations begin
the ossification process at E17 (L). The white horizontal line in (A) to (D) marks the posterior end of the palate. Asterisk: medial edge epithelium. C:
condensation of palatal mesenchyme. M: mesenchyme. N: nasal epithelium. O: oral epithelium. PB: palatal bone.
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sation undergo membranous ossification at about E16.5 and
ultimately give rise to the hard palate.
Alteration in any of these processes results in isolated
cleft palate. Several loci have been associated with this
congenital malformation. Variants of the transforminggrowth factor h3 gene (TGF-b3) have been identified in
human-isolated cleft palate, suggesting its involvement in
the pathogenesis of this disease (Lidral et al., 1998).
Furthermore, the only craniofacial malformation described
so far in TGF-b3 null mutant mice is that of cleft palate
(Kaartinen et al., 1995; Proetzel et al., 1995). The three
Fig. 2. Expression of Snail and E-cadherin in the medial edge epithelium of E14.5 mouse palates before (A–D) and after (E– I) palatal shelf adhesion. (A) and
(E) are histological sections stained with hematoxylin–eosin and (B, C, F, G, H, I) are gelatin sections hybridized with Snail (B, F) or E-cadherin (C, G),
immunolabeled with an anti-E-cadherin antibody (H) or stained with TUNEL (I). (A) Pre-adhesion MEE is about three layers thick, while the oral and nasal
palatal epithelia are either monolayered (oral) or pseudostratified (nasal). (B) Snail is not detected in palatal epithelia before shelf adhesion, whereas high levels
are observed in the palatal mesenchyme. In contrast, E-cadherin is expressed in all palatal epithelia at this stage both at the mRNA (C) and protein level (D).
Note in D the cell membrane disposition of E-cadherin in the basal MEE cells and its absence in the apical surface of the most superficial MEE cells
(arrowheads). (E) Soon after palatal shelf adhesion, MEE cells form a bilayered midline epithelial seam, while they accumulate at its ends forming the epithelial
triangles. (F) Only when the MES has formed, a few MEE Snail expressing cells (arrowheads) are observed that extend to the epithelial triangles when the seam
starts disrupting. (F) and (G) correspond to adjacent sections hybridized with Snail and E-cadherin, respectively. Some MES cells are not expressing E-
cadherin (arrowheads in G). Note the inverse general pattern of Snail and E-cadherin expression. (H) shows that E-cadherin protein is starting to decrease in
some areas of the MES (arrowhead). (I) TUNEL staining depicting abundant cell death in the MES (arrowheads). Asterisk: medial edge epithelium. ET:
epithelial triangles. M: mesenchyme. N: nasal epithelium. O: oral epithelium.
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mouse developing palate. The first to appear are TGF-
h1 and TGF-h2, which are homogeneously distributed in
both palatal epithelium and mesenchyme as early as E12.
However, as the shelves grow, elevate, and contact (E13
and 14), their immunolocalization becomes greatly re-
duced in the mesenchyme while remaining in the epithe-
lium (Gehris et al., 1991). The presence of TGF-h3 is
only apparent at E13, it is limited to the epithelium, and it
disappears at E15 (Cui et al., 1998).
TGF-h3 seems to play a crucial role in palatal shelf
adhesion. Indeed, TGF-b3 null mutant mouse MEE cellsshow altered E-cadherin, a- and h-catenin distribution
associated to abnormal cell polarity, and impaired intercel-
lular adhesion (Tudela et al., 2002). The MEE of these mice
also lack the superficial bulging cells (Martı´nez-A´lvarez et
al., 2000b) and the filopodia and lamellipodia that increase
the surface area for adhesion with the opposing MEE in the
wild-type mice (Taya et al., 1999). TGF-h3 is also respon-
sible for the appearance of chondroitin sulfate proteoglycan
on the MEE surface immediately before palatal shelf con-
tact, required for palatal shelf adhesion (Gato et al., 2002).
In addition, the MEE cells of TGF-b3 null mutant mouse fail
to intercalate as they normally do when palatal shelves are
Fig. 3. Snail and E-cadherin expression in the medial edge epithelium of TGF-b3/E14.5 mouse palates. (A) Hematoxylin–eosin stained section showing
the monolayered appearance of the pre-contact TGF-b3/MEE, making it very similar to the oral epithelium. (B) All three palatal epithelia and mesenchyme
from TGF-b3/mice show Snail expression, which correlated with a decreased E-cadherin expression (C) when compared to that of the wild-type embryos
(see Fig. 2C). (D) Immunolabeling for E-cadherin shows a random distribution of the protein in the cytoplasm of MEE cells (compare with Fig. 2D). Asterisk:
medial edge epithelium. M: mesenchyme. N: nasal epithelium. O: oral epithelium.
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unable to undergo EMT (Kaartinen et al., 1997) and
apoptosis (Martı´nez-A´lvarez et al., 2000a).
Snail family members are required for many develop-
mental processes that imply cell movements, and interest-
ingly, they have been associated with both the triggering of
the EMT and cell survival (see Nieto, 2002, for a review).
Snail genes induce EMT in epithelial cells in culture (Batlle
et al., 2000; Cano et al., 2000), during the formation of the
mesoderm and of the neural crest in vertebrate embryos
(Aybar et al., 2003; Carl et al., 1999; Carver et al., 2001; Del
Barrio 2002; LaBonne and Bronner-Fraser, 2000; Nieto,
2002; Nieto et al., 1994) as well as during the acquisition of
invasive properties in breast tumors (Blanco et al., 2002).
The triggering of EMT by Snail is, at least in part, mediated
by the direct repression of E-cadherin transcription (Batlle
et al., 2000; Cano et al., 2000). With respect to cell survival,
Snail superfamily members act as antiapoptotic agents in C.
elegans (scratch; Metzstein and Horwitz, 1999) and in
mouse and humans (Slug; Inoue et al., 2002; Inukai et al.,
1999; Perez-Losada et al., 2003).
The expression of Snail genes has been associated with
the presence of members of the TGF-h superfamily (Dick-
inson et al., 1995; Gotzmann et al., 2002; Liem et al., 1995;
Piedra and Ros, 2002; Romano and Runyan, 2000; Spagnoli
et al., 2000; Valde´s et al., 2002). Therefore, since EMT and
cell death have been shown to participate in palate fusion
and TGF-b3 null mutant mice show cleft palate, we decided
to study whether Snail is involved in the process of palatal
fusion. We show that Snail is expressed in cells of the
epithelial seam at the time of fusion, suggesting that it is
involved in the EMT that converts some MEE cells to
mesenchyme. More interestingly, we also find Snail expres-
sion in the MEE cells of TGF-b3 null mice. These mutant
mice exhibit increased levels of TGF-h1 in the palatal
mesenchyme, responsible for the induction of Snail expres-
sion and inhibition of cell death in the MEE. Finally, wehighlight the similarities between MEE differentiation that
produces a cleft palate in TGF-b3 null mice and wild-type
chick embryos.Materials and methods
Animals
C57BL/6J TGF-b3 heterozygous mice (Jackson Labo-
ratories) were mated and day 0 was considered the day
the vaginal plug was detected. To recover embryos,
pregnant mice were killed by an overdose of chloroform
and the embryos were removed by caesarean section,
placed in ice-cold PBS/DEPC or DMEM/F12 and decap-
itated. Genotyping was performed as described in Proetzel
et al. (1995).
For gene expression studies, we have used heads from
E13 to E17.5 mouse embryos. At E13 and E14, wild-type
mouse palatal shelves are vertical and greatly separated,
but between E14 and E15, they elevate, approach each
other, contact, and fuse. Thus, at E14.5, mouse palatal
shelves might show different aspects, from elevated but
still separated to completely adhered. In this study, we
have selected those E14.5 wild-type mouse specimens
where palatal shelves had adhered but not all along their
full length. Therefore, in the same specimen, pre-contact-
ing palatal shelves and recently formed midline epithelial
seams could be observed. As C57BL/6J TGF-b3/palatal
shelves do not adhere, almost contacting TGF-b3/E14.5
mouse palates were used to be compared with the selected
wild-type ones.
For the analysis of chick embryos, fertilized White
Leghorn chick eggs (Granja Santa Isabel, Co´rdoba, Spain)
were incubated at 37.5jC and 80% humidity until they
reached stages 35 or 40 (Hamburger and Hamilton, 1951).
Heads were extracted and placed in ice-cold PBS/DEPC.
Fig. 4. TGF-b3 null mice show abnormal high levels of TGF-h1 in the palatal mesenchyme at E14.5. (A, B) TGF-b3+/+ palates show a weak expression of
TGF-h1 in both the epithelia and the mesenchyme. However, its levels are strikingly high in the palatal mesenchyme of TGF-b3/mouse embryos (C, D).
Note the low and similar levels of expression in bone anlagen in wild-type and mutant palates (A, C). (E) to (H) show the result of in situ hybridization with a
TGF-b1 probe indicating that the increase in its expression in the TGF-b3 mutants can also be observed at the transcriptional level. (B), (D), (F), and (H) show
high power images of the palates shown in (A), (C), (E), and (G), respectively. Asterisk: medial edge epithelium. B: ossified maxilla anlagen. M: mesenchyme.
N: nasal epithelium. O: oral epithelium. PS: palatal shelf.
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Palatal shelves from thirteen E14 C57BL/6J wild-type
mice were extracted in sterile conditions. The right palatal
shelves from six embryos were cultured oral side-up in
0.4 Ag/ml TGF-h1 (R&D Systems) in DMEM/F12 sup-
plemented with 1% ascorbic acid. Left palatal shelves
were cultured without TGF-h1 and served as controls. In
palatal shelves from seven embryos, several 100- to 200-
Am-diameter Affi Gel blue (Bio Rad) beads were placed
under the medial edge epithelium. In the right palatal
shelves, beads were previously soaked in 20 Ag/ml TGF-
h1 in 4 mM HCl in PBS with 0.1% BSA at 37jC for 2 h,
while beads soaked in sterile PBS were placed in the
same location in the left ones. All palatal shelves were
subsequently cultured for 13 h and used either for in situ
hybridization or TUNEL experiments.
In situ hybridization
Heads from E13 (15), E14 (12), E14.5 (20), E15 (10),
E16 (11), E17 (8) wild-type mouse embryos, and from ten
E14.5 TGF-b3/mutant mice, as well as six heads from
stage 35 chick embryos, were fixed overnight in ice-cold
4% paraformaldehyde (PFA) in PBS/DEPC. The jaw and
tongue were then removed, and the roof of the cranial
cavity and brain was separated from those mouse heads to
be processed for in toto in situ hybridization. Four TGF-
h1-treated and four untreated palatal shelf cultures were
fixed in ice-cold 4% PFA in PBS/DEPC for 2 h and
processed for in toto in situ hybridization.In situ hybridization experiments were carried out in
whole mount or gelatin-embedded and subsequently vibra-
tome-sectioned (50Am) heads as described by Nieto et al.
(1996). Adjacent serial sections of mouse samples were
hybridized with E-cadherin and Snail probes synthesized
from base pair 3205 to 3735 and 695 to 1297 from the
translation initiation codon, respectively. A 2.14-Kb EcoRI
fragment of a full-length cDNA for human TGF-beta was
excised from the plasmid phTGF-beta2 (Bell, unpublished
data) and used as the TGF-beta1 probe. Chick samples were
hybridized with a Slug probe synthesized from its full-
length cDNA. After hybridization, heads, palatal shelf
cultures, or sections were subsequently incubated with
alkaline phosphatase-conjugated antidigoxigenin antibodies.
After developing, whole mounted palatal shelf cultures were
embedded in gelatin, sectioned, and fixed in 4% PFA in
PBS; whole mount heads were fixed in 4% PFA in PBS,
washed in PBS, and photographed in whole mount under a
Leica M10 dissecting microscope. After fixation, sections
were washed in PBS containing 50% glycerol, studied using
a Leica DMRB microscope, and photographed with a digital
Nikon Coolpix 995 camera.
Immunohistochemistry
Six TGF-b3+/+ E14.5, six TGF-b3/E14.5 and four
E17.5 mouse, and five stage 40 chick heads were used for
immunohistochemistry. No less than four different speci-
mens per antibody used were analyzed. Heads were fixed in
10% buffered formaldehyde (pH=7) and embedded in
paraffin. Five-micrometer-thick sections were obtained and
Fig. 5. Absence of cell death in the MEE of TGF-b3 mouse mutants and
chick embryos. (A) TUNEL positive cells are observed in the pre-adhesion
TGF-b3+/+ MEE (arrowheads). However, not a single MEE cell is TUNEL
positive in pre-contact TGF-b3/palates (B). (C) Stage 35 chick embryo
section hybridized with a Slug probe. Expression is detected in specific
areas of the mesenchyme and in the covering epithelia (arrowheads), a very
similar pattern to that of Snail in the TGF-b3/mouse palates. (D) No
apoptotic cells can be observed in the medial edge and oral epithelium of
these stage 35 chick palates, while some (arrowheads) are present in the
palatal mesenchyme and tongue epithelium (T). M: mesenchyme.
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anti-E-cadherin and anti-TGF-h1 immunolabeling. No pre-
treatment was used for anti 1, 10, 11 cytokeratins labeling.
They were incubated with 1% BSA and then either with rat
IgG anti-mouse E-cadherin (10 Ag/ml) (Takara Biomedi-
cals), mouse IgG anti-human 1, 10, 11 cytokeratins (1:100)
(Cymbus Biotechnology) monoclonal, or rabbit IgG anti-
mouse TGF-h1 (1:100) (Sta. Cruz Biotechnology) polyclon-
al antibodies for 2 h. Incubation was followed by the
addition of Cyk-3-conjugated rabbit anti-rat IgG secondary
antibody (dilution: 1:125) (Jackson ImmunoResearch) or
Envision (Envision System Peroxidase, rabbit. DAKO),
following the manufacturer’s instructions. Fifty-microme-
ter-thick gelatin sections from three E14.5 wild-type mice
were processed for immunohistochemistry with the anti-E-
cadherin antibody. These sections were fixed in 4% PFA,dehydrated in graded series of methanol, and incubated with
0.7% Blocking Reagent (Roche) in PBS with 20% fetal calf
serum. They were then incubated overnight with the anti-E-
cadherin antibody as described above and with Cyk-3-
conjugated rabbit anti-rat IgG as secondary antibody. E-
cadherin immunolabeled sections were visualized using a
Leica DMRB microscope. Anti-TGF-h1 and anti 1, 10, 11
cytokeratins immunolabeled sections were developed with
diaminobenzydine, studied with a Nikon Optiphot light
microscope, and photographed as the hybridized sections.
Detection of apoptosis
Wild-type (5) and TGF-b3/(4) E14.5 mouse and stage
35 chick (4) heads were fixed in 10% buffered formaldehyde
(pH=7), embedded in paraffin, sectioned at 5 Am and
dewaxed. Six TGF-h1-treated and six untreated palatal shelf
cultures were fixed in 4% PFA in PBS for 2 h, embedded in
gelatin, and vibratome-sectioned at 50 Am. Paraffin and
gelatin sections were labeled with TUNEL (terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling),
using the ‘‘In situ cell death detection kit-POD’’ (Roche),
according to the manufacturer’s instructions. Positive con-
trols were performed by treating sections with DNAse I.
Sections were studied and photographed as described above.
Histological preparation
Heads from E13 (4), E14 (8), E14.5 (12), E15 (4), and
E17 (6) TGF-b3+/+ embryos, and from E14.5 (10) and E17.5
(6) TGF-b3/mouse embryos, as well as stage 40 chick
heads (5), were fixed in 10% buffered formaldehyde (pH=7)
and embedded in paraffin. Sections were cut (5 Am) and
stained with hematoxylin and eosin or a mix of light green,
orange G, and fuchsin acid following standard procedures.
Sections were studied and photographed as described above.Results
Snail expression in the wild-type palate
In order to determine the pattern of Snail expression in
the developing palate, in situ hybridization was performed
on heads from wild-type E13 to E17 mouse embryos (Figs.
1 and 2). At E13, high levels of Snail expression were
observed in the medial part of each palatal shelf along the
whole of its length, although the expression was weaker in
both the primary palate and secondary nasal septum (Fig.
1A). One day later, Snail continued to be expressed in these
regions, although it was absent from the most posterior part
of the palatal shelf (Fig. 1B). At E14.5, the palatal shelves
have come into contact and have adhered to each other at
the middle third of the palate. Snail expression remained
confined to the medial part of the anterior half of the
secondary palate and in the primary palate, although no
Fig. 6. TGF-h1 induces Snail expression and MEE cell survival in cultures of mouse palatal shelves. (A, B, D, E) Individual wild-type palatal shelves were
cultured in the presence (A, B) or in the absence (D, E) of TGF-h1 as described in Materials and methods. (A) and (D) show Snail expression. Observe higher
levels in the mesenchyme and its induction in the MEE cells of the TGF-h1-treated palatal halves (A, arrowhead). (B) and (E) show TUNEL staining in similar
cultures where the absence of cell death is clearly assessed in the MEE (B, asterisk) in the presence of TGF-h1, while it is present in the control shelf (E,
arrowheads). The arrowhead in B indicates a TUNEL positive cell in the palatal mesenchyme. (C) and (F) show the almost complete absence of cell death after
the implantation of a TGF-h1-soaked bead in the mesenchyme under the MEE (C) and the presence of abundant apoptotic cells in the shelf that was exposed to
a control PBS-soaked bead (F, arrowheads). M: mesenchyme.
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when the palate has fused, Snail expression was similar to
that described at E14.5 (Fig. 1D). However, from E16, no
Snail expression was observed in either the primary or the
secondary palate (Fig. 1K).
In situ hybridization performed on free-floating sections
showed Snail was expressed in the loose mesenchyme of the
still vertical E13 and E14 palatal shelves (Figs. 1E–H).
Snail expression was stronger in that mesenchyme at E14.5
(Fig. 2B), and at E15, it was concentrated in two areas close
to the midline (Fig. 1I), where palatal mesenchyme con-
densates before palatal bone formation (Fig. 1J). However,
Snail expression is downregulated (Fig. 1K) concomitant
with the appearance of bone in these areas (Fig. 1L).
At E14.5, the almost contacting opposing MEE has
thickened (Fig. 2A) in preparation for palatal shelf adhesion.
Since EMT is one of the mechanisms undergone by MEE
cells during palate fusion (Fitchett and Hay, 1989; Griffith
and Hay, 1992; Martı´nez-A´lvarez et al., 2000a; Shuler et al.,
1992), and Snail induces EMT in different systems (Nieto,
2002), we looked at Snail expression in these almost
contacting MEE cells. Before fusion, we only observed
Snail transcripts in the palatal mesenchyme, with no Snail
expression in the MEE (Fig. 2B). This lack of Snail
expression in pre-adhesion MEE cells correlated with high
levels of E-cadherin in these cells, both at the mRNA (Fig.
2C) and protein levels (Fig. 2D). E-cadherin is present in thecell membrane and in a basolateral location in the most
superficial MEE cells.
As soon as opposing MEE cells contact in the midline, a
process of cell intercalation takes place, which leads to the
rapid formation of a two to one cell layers thick MES (Fig.
2E and Tudela et al., 2002). It is only at this time point when
we observed some MEE cells expressing Snail (Fig. 2F)
correlating with the low percentage of cells that will
undergo EMT (Martı´nez-A´lvarez et al., 2000a). In agree-
ment with this, E-cadherin transcription is being down-
regulated in some areas of the MES compatible with being
complementary to those of Snail expression (compare Figs.
2F with G), as expected from the role of Snail as a strong
repressor of E-cadherin transcription in regions undergoing
EMT during embryonic development (Cano et al., 2000).
The downregulation of E-cadherin also starts to be detected
at the protein level (Fig. 2H, arrowhead). As already
mentioned, the disappearance of the MES is the result of
a combination of EMT and abundant programmed cell
death. Thus, we also analyzed cell death by TUNEL staining
in the same palates and found many apoptotic cells (Fig. 2I).
Snail and E-cadherin expression in the TGF-b3 null mutant
mouse palate
In contrast to the wild-type palate, pre-contacting E14.5
TGF-b3/MEE is only one to two cell layers thick (Fig.
C. Martı´nez-A´lvarez et al. / Developmental Biology 265 (2004) 207–2182143A and Martı´nez-A´lvarez et al., 2000a). We looked at the
distribution of Snail transcripts in these palates and found
that its expression in the mesenchyme was indistinguish-
able from that shown by wild-type embryos (compare Figs.
2 with 3B). However, we unexpectedly found Snail tran-
scripts in the MEE cells and in the oral and nasal palatal
epithelia of the mutants (Fig. 3B).
E-cadherin transcription was much lower in the mutant
MEE cells (compare Figs. 2C with 3C), consistent with the
upregulation of Snail expression. At the protein level,
instead of being located at the cell membrane as in the
wild-type mouse (Fig. 2D and Tudela et al., 2002), E-
cadherin was dispersed in the cytoplasm (Fig. 3D). This is
compatible with E-cadherin not being replaced at the cell
membrane due to the repression of its transcription by
Snail.
Increased TGF-b1 levels in TGF-b3 null mutant mouse
palates
Since different members of the TGF-h superfamily have
been shown to induce the expression of Snail genes in
several systems (reviewed in Nieto, 2002), we were sur-
prised to observe an upregulation of Snail expression in the
MEE of the TGF-b3 null mutants. Several reports have
indicated that TGF-h1 is the family member responsible for
Snail induction in mammals (Gotzmann et al., 2002; Spag-
noli et al., 2000; Valde´s et al., 2002), and it has also been
suggested that TGF-h3 may function as an antagonist of
TGF-h1 in certain circumstances (Kaartinen et al., 1997;
Shah et al., 1995). Thus, we assessed whether the absence of
TGF-h3 induced an upregulation of TGF-h1 expression that
in turn could be responsible for Snail induction. Immedi-
ately before palatal shelf contact (E14.5), we barely detected
TGF-h1 in the wild-type palatal mesenchyme and observed
very weak staining in the epithelia (Figs. 4A, B). However,
a prominent expression was readily apparent in the palatal
mesenchyme of the TGF-b3 null mutants while the MEE
was weakly positive (Figs. 4C, D). The induction of TGF-h1
could also be observed at the level of transcription (Figs.
4E–H). The increase in the expression of TGF-h1 was very
transient, since it was not visible at either E14 or E15 (not
shown). Thus, the absence of TGF-h3 signaling induces the
production of TGF-h1 in palatal mesenchyme, which could
induce Snail expression (see below). Interestingly, TGF-h1
immunostaining was negative in both the tooth primordium
(not shown) and ossification center of the maxilla in these
mice (Fig. 4C).
Absence of cell death in the MEE of TGF-b3 null mutant
mice and normal chick embryo correlates with the
expression of Snail genes
It has been shown that apoptotic cell death is a normal
process during normal palate fusion in rodents (Martı´nez-
A´lvarez et al., 2000a; Mori et al., 1994; Taniguchi et al.,1995). We have also observed a decrease in cell death in
the MEE of MF1 TGF-b3/mouse embryos (Martı´nez-
A´lvarez et al., 2000a). Since cell death had not been
assessed in the mutants on a C57BL/6J background and
TGF-h1 has been reported to induce either apoptosis or
cell survival depending on the tissue analyzed (Motyl et
al., 1998; Oberhammer et al., 1992; Sa´nchez et al., 1996;
Shin et al., 2001), we performed TUNEL labeling on
E14.5 TGF-b3+/+ and /palatal shelves. As expected,
immediately before palatal shelf contact, some MEE cells
undergo apoptosis in the wild-type palate (Fig. 5A).
However, we could not detect a single apoptotic MEE
cell in TGF-b3/embryos (Fig. 5B). Thus, the presence
of abundant TGF-h1 protein in the mesenchyme of TGF-
b3/mouse palates is correlated with the presence of Snail
transcripts in the MEE and the absence of programmed cell
death.
MEE cells neither die (this work) nor can they transform
into mesenchyme in C57BL/6J TGF-b3/mutant mice
because the two palatal shelves do not adhere in vivo and
adhesion is a prerequisite for EMT (Kaartinen et al., 1997).
They instead remain intact covering the tip of each palatal
shelf. This is reminiscent of the situation in the chick, where
natural cleft palate occurs. Indeed, not only do chick embryo
MEE cells survive and cover the tips of the shelves, but
interestingly, they do not express TGF-h3 and express TGF-
h1 (Sun et al., 1998). Since the absence of TGF-h3 expres-
sion correlates with Snail induction in the mouse and Snail
genes have been implicated in cell survival in several
systems (Buxton et al., 1997; Inoue et al., 2002; Inukai et
al., 1999; Ros et al., 1997), we wondered whether chick
MEE cells also express Snail family members. Interestingly,
we found a robust expression of Slug in these MEE cells in
stage 35 chick embryos (Fig. 5C). Slug was also expressed
in some localized areas of the palatal mesenchyme in a
similar manner to Snail in the mouse (Fig. 5C). In keeping
with the results obtained in TGF-b3/mouse palates, no
apoptotic cells were observed in the MEE of stage 35 chick
embryo palates, while apoptotic cells were observed in the
epithelium of the tongue (Fig. 5D).
TGF-b1 induces Snail expression and prevents cell death in
palatal shelf cultures
The observed correlation between TGF-h1 increase in
the palatal mesenchyme and Snail expression, together
with the absence of cell death in the MEE in TGF-b3/
palates, prompted us to assess whether administration of
TGF-h1 to palatal shelf cultures could reproduce this situa-
tion. Indeed, we found that when cultures were treated with
TGF-h1, Snail expression was induced in MEE cells and its
levels increased in the mesenchyme (compare Figs. 6A with
D). Concomitantly with Snail induction, a thinning of the
MEE was also observed (compare Figs. 6A–C with D–F),
together with inhibition of apoptosis (compare Figs. 6B, C
with E, F).
Fig. 7. Medial edge epithelium late differentiation in TGF-b3/ and chick
palates. (A, B) TGF-b3/E17.5 mouse palatal shelves. (C, D) Stage 40
chick palatal shelves. (A–D) Show paraffin sections stained with a mix of
light green, orange G, and fuchsin acid (A and C) or immunostained with an
anti-cytokeratins 1, 10, and 11 monoclonal antibody (B and D). Both TGF-
b3/(A) and chick MEE (C) are stratified, squamous, and keratinized.
Note its similarity with the oral palatal epithelium. The MEE and the oral
palatal epithelium show similar cytokeratins 1, 10, and 11 immunostaining
in mutant mice (B) and chick MEE (D). The image in (C) corresponds to
the squared area in the palate placed at the bottom right corner. Asterisk:
medial edge epithelium. M: mesenchyme. N: nasal epithelium. O: oral
epithelium.
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and normal chick embryos
Given that molecular correlates between the medial edge
epithelium of TGF-b3 mutant mouse embryos and normal
chick embryos appear to exist, we aimed to determine
whether they differentiate similarly. Hence, we analyzed
the expression of cytokeratins in sections taken from E17.5
TGF-b3/mice and stage 40 chick embryos (Fig. 7). In
both the murine and avian material, MEE cells become
stratified and keratinized epithelia (Figs. 7A, C) that
express cytokeratins 1, 10, and 11 (Figs. 7B, D). This
pattern of expression is representative of fully differentiated
hard palate oral mucosa (Shabana et al., 1991; Figs. 7B, D)
and is reminiscent of the epithelium covering the oral
aspect of both mutant and wild-type mouse palates (Fig.1L). It gradually continues the typical pseudostratified
ciliated nasal palatal epithelium (Figs. 7A, B). Therefore,
our results demonstrate that the MEE in both TGF-b3/
mice and normal chick embryos behave similarly with
respect to Snail–Slug expression, the absence of prog-
rammed cell death, and differentiation to a stratified kerati-
nized epithelium.Discussion
The closure of the palate is a multistep process that
involves profound morphogenetic movements followed by
the adhesion and posterior fusion of the two palatal shelves.
With respect to the adhesion–fusion steps, TGF-h3 appears
to be fundamental. Indeed, mousemutants for this factor have
cleft palate and several studies have implicated TGF-h3 in the
changes that the MEE cells undergo during adhesion and
fusion. During the adhesion phase, TGF-h3 is needed for the
bulging of the most superficial MEE cells (Martı´nez-A´lvarez
et al., 2000b), the formation of filopodia and lamellipodia
(Taya et al., 1999), and the induction of chondroitin sulfate
proteoglycan (Gato et al., 2002). During palate fusion, it is
required for cell intercalation (Tudela et al., 2002), cell death
(Martı´nez-A´lvarez et al., 2000a), and epithelial transforma-
tion to mesenchyme (Kaartinen et al., 1997).
We wanted to gain an insight into the events that underlie
palatal shelf fusion, and as a result, we found parallels
between the cellular changes that occur, and processes in
which the Snail family of zinc-finger proteins are involved
(Nieto, 2002). Since Snail gene expression can be induced by
different members of the TGF-h superfamily, we were
prompted to analyze the possible role of these transcription
factors during palate development.
Snail expression in the MES is related to the process of EMT
during palatal fusion in wild-type mice
We found two areas of Snail expression in the developing
palate of wild-type mice: the palatal mesenchyme and some
cells of the MES. Snail is first observed during the conden-
sation of mesenchyme cells in the pre-ossification areas of the
palate. This is consistent with the expression previously
described in the condensations of the pre-chondrogenic areas
throughout the embryo (Nieto et al., 1992; Smith et al., 1992).
Indeed, in the palate, expression disappears when bone starts
forming and seems to correlate with stages of pre-bone
formation. Since this expression is related to ossification,
and thus, independent from palatal fusion, we concentrated
our analysis of Snail expression in the palatal epithelia.
Snail expression cannot be detected in the cells of theMEE
before adhesion. In fact, expression is only observed in the
MES at the time of fusion and in a few cells. This expression
is compatible with the role of Snail in the triggering of EMT
in the subpopulation of cells in the MES that undergo this
phenotypic transition (Kaartinen et al., 1997; Martı´nez-
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expressing cells that we observe is consistent with the number
of mesenchymal cells detected in the palatal mesenchyme
after infection of the MEE cells with a replication-defective
retrovirus: only a small proportion of the midline epithelial
cells undergo EMT during palatal fusion, whereas a high
percentage of them will die (Martı´nez-A´lvarez et al., 2000a;
this work). Snail expression in the MES also correlates with
the downregulation of E-cadherin expression, coherent with
its role as a potent repressor of E-cadherin transcription
(Batlle et al., 2000; Cano et al., 2000).
The absence of TGF-b3 leads to high levels of mesenchymal
TGF-b1, which in turn induces Snail expression and
decreased cell death in the mouse MEE
We observed high levels of Snail expression in the MEE
cells of TGF-b3 mutants, suggesting that the presence of
TGF-h3 somehow represses Snail expression in the pre-
adhesion MEE of the wild-type mouse. This result was
puzzling to us at first, since the expression of Snail genes
can be induced bymembers of the TGF-h superfamily (Nieto,
2002). However, TGF-h1 rather than TGF-h3 is the family
member that induces Snail expression (Gotzmann et al.,
2002; Spagnoli et al., 2000; Valde´s et al., 2002), and further-
more, it has been proposed that at least in some circum-
stances, TGF-h3 may inhibit TGF-h1 (Kaartinen et al., 1997;
Shah et al., 1995). Indeed, pre-contact TGF-b3/palatal
shelves show high levels of TGF-h1 in the mesenchyme,
contrasting to the weak levels of this growth factor mRNA
and protein in the wild-type mesenchyme at this time point
(Gehris et al., 1991; this work). Previous studies have failed
to show differences in TGF-h1 expression between wild-type
and TGF-b3/embryos (Proetzel et al., 1995; Taya et al.,
1999). A possible explanation for this discrepancy is that this
increase in TGF-h1 is only observed very transiently (only
immediately before palatal shelf contact), something that may
have prevented its detection in a routine screening. This
aberrant presence of TGF-h1 surely accounts for the high
levels of Snail expression found in the mesenchyme and in
the MEE of the mutants and its absence in the wild-type
embryos. Indeed, administration of TGF-h1 to wild-type pa-
latal shelf cultures induced Snail expression in both the MEE
cells and mesenchymal cells and overcomes the cell death
induced by TGF-h3. Thus, in the wild-type situation, TGF-h3
maintains low the levels of expression of TGF-h1, thus
preventing the expression of Snail in the pre-adhesion MEE.
The presence of Snail genes correlates with resistance to
cell death in the MEE of TGF-b3 mutant mice and wild-type
chick palates
The majority of the MEE cells apparently die during the
process of palate fusion (Cuervo et al., 2002; Martı´nez-
A´lvarez et al., 2000a). However, when the two palatal
shelves do not fuse, these cells survive, as occurs in patho-logical situations such as the cleft palate defect in mammals
or in the case of physiological cleft palates as have evolved
in avians. Thus, a cell death inducer must be present in
animals with fused palates and/or a survival agent must exist
in those presenting cleft palates. The cell death inducer is
very likely TGF-h3, since TGF-b3 null mutant mice show
decreased cell death in the MEE cells (Martı´nez-A´lvarez et
al., 2000a; this work), and BMP/TGF-h induce cell death in
different systems including the developing neural crest
(Graham et al., 1994), hepatocytes (Oberhammer et al.,
1992; Valde´s et al., 2002), and tumor cells (Motyl et al.,
1998). We propose that survival is promoted by a member of
the Snail family for the following reasons. Firstly, other Snail
superfamily members—scratch and Slug—have been impli-
cated in cell survival in C. elegans (Metzstein and Horwitz,
1999), mouse (Inoue et al., 2002; Perez-Losada et al., 2003),
and humans (Inukai et al., 1999), respectively. Secondly, as
seen here, mouse MEE cells that express Snail survive.
Thirdly, chick MEE cells (where TGF-h3 is not present;
Sun et al., 1998) express Slug (this work) and survive to
cover the two palatal shelves of the adult, which present cleft
palate as a wild-type character. It is interesting to note that
Slug rather than Snail is the family member expressed in the
chick MEE cells. Thus, this system constitutes another
example of the interchange observed in the expression
patterns of Snail and Slug during evolution (Locascio et
al., 2002; Sefton et al., 1998). Upon survival, MEE cells are
allowed to differentiate, and interestingly, they do so in a
similar way. The MEE differentiates to keratinized stratified
epithelium both in the physiological (chick) and pathological
(TGF-b3 mutant mouse) cleft palates.
The dual action of TGF-h in promoting MEE cell death
and survival during palate development is paralleled by the
situation observed in hepatocytes. When rat fetal hepatocytes
are incubated in the presence of TGF-h, the majority of cells
die by apoptosis (Sa´nchez et al., 1996). However, a subpop-
ulation of them survives, concomitant with the expression of
Snail (Valde´s et al., 2002). Furthermore, these surviving
hepatocytes become resistant to cell death induced by
TGF-h. A similar mechanism seems to operate during palate
development, but interestingly, in the palate, the dual func-
tion of TGF-h in inducing cell death or survival seems to be
performed by two different family members: while TGF-h3
induces cell death, TGF-h1 promotes survival very likely
through the induction of Snail expression. Since cell death is
a physiological process crucial for the disappearance of the
majority of the MES, it is important that the expression of the
survival factor, Snail, is inhibited. This may be carried out by
the death-inducing factor, TGF-h3, which antagonizes with
TGF-h1, maintaining its levels very low and thus preventing
Snail expression. Whether this mechanism is connected with
the induction of SMAD2 phosphorylation and the inhibition
of MEE proliferation by TGF-h3, proposed by Cui et al.
(2003), should be investigated. Therefore, we propose that in
the wild-type condition, after palatal shelf adhesion, the
majority of the MES cells die, while a small population of
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absence of TGF-h3, TGF-h1 is derepressed and able to
induce Snail expression, survival, and subsequent abnormal
differentiation of the MEE. As already mentioned, this
scenario is at work in the cleft palate situation, occurring
both in pathological mouse palates (TGF-h3 null mutants)
and in physiological chick palates.
Some questions that emerge from our data are, ‘‘why in
the cleft palate condition Snail genes induce MEE cell
survival but not EMT? How is it that the continued
expression of Snail family members does not convert the
surviving MEE cells into mesenchyme?’’ A possible expla-
nation is that to undergo EMT, cells of the MEE must first
adhere (Kaartinen et al., 1997) and they barely do so in the
TGF-b3 mutants (Gato et al., 2002) or in the chick embryo.
Even the process of touching is not enough to initiate the
breakdown of the midline seam (Kaartinen et al., 1997). It is
probable that the morphological changes, the adhesion and
the intercalation of the cells at the surface of the MEE,
induced by TGF-h3 (Martı´nez-A´lvarez, 2000b; Taya et al.,
1999; Tudela et al., 2002) are necessary for these cells to
come into contact with the mesenchymal extracellular
matrix. This interaction seems to be crucial for the induction
of EMT (Kaartinen et al., 1997) and suggests that Snail
genes may work in conjunction with other transcription
factors to induce EMT (Nieto, 2001). These partners may or
may not be present in particular cell types, and in this case,
can be induced in the MEE cells by signals located deep in
the mesenchyme that are probably effective only after
intercalation has occurred.
In summary, we propose that Snail genes induce MEE cell
survival during palate development: (i) by promoting EMT in
a subpopulation ofMES cells resistant to the apoptotic effects
of TGF-h3 in the wild-type condition, and (ii) by acting as
survival factors in MEE cells that survive, do not undergo
EMT, and differentiate into keratinized epithelia both in
physiological and pathological cleft palates.Acknowledgments
We would like to thank Mrs. Alicia Cerro and Mrs. Dolo-
res Arroyo (Universidad Complutense) for their help with
histology, Dr. Fernando Setie´n (Centro de Te´cnicas Inmuno-
lo´gicas, Universidad Complutense) and Mr. Daniel Blanco
for technical support, and Javier Va´zquez and Miguel Robles
for their valuable help. We also thank Barbara Abbott for
kindly providing the cDNA for the TGF-h probe and the
anonymous reviewers for their valuable comments. M.J.B. is
a Ramo´n y Cajal Program researcher supported by the
Spanish Ministry of Science and Technology. This work was
supported by grants from the Comunidad de Madrid (CAM
08.6/0042.1/2000) to C.M.-A. and grants from the Ministries
of Health (FIS-01/1087) to C.M.-A. and (FIS-01/985) to
M.A.N., and Science and Technology (BMC2002-0383) to
M.A.N.References
Aybar, M., Nieto, M.A., Mayor, R., 2003. Snail precedes Slug in the
genetic cascade required for the specification and migration of the
Xenopus neural crest. Development 130, 483–494.
Batlle, E., Sancho, E., Franci, C., Dominguez, D., Monfar, M., Baulida, J.,
Garcia De Herreros, A., 2000. The transcription factor Snail is a re-
pressor of E-cadherin gene expression in epithelial tumour cells. Nat.
Cell Biol. 2, 84–89.
Blanco, M.J., Moreno-Bueno, G., Sarrio, D., Locascio, A., Cano, A., Pala-
cios, J., Nieto, M.A., 2002. Correlation of Snail expression with histo-
logical grade and lymph node status in breast carcinomas. Oncogene 21,
3241–3246.
Buxton, P.G., Kostakopoulou, K., Brickell, P., Thorogood, P., Ferretti, P.,
1997. Expression of the transcription factor Slug correlates with growth
of the limb bud and is regulated by FGF-4 and retinoic acid. Int. J. Dev.
Biol. 41, 559–568.
Cano, A., Pe´rez, M.A., Rodrigo, I., Locascio, A., Blanco, M.J., Del Barrio,
M.G., Portillo, F., Nieto, M.A., 2000. The transcription factor Snail
controls epithelial–mesenchymal transitions by repressing E-cadherin
expression. Nat. Cell Biol. 2, 76–83.
Carette, M.J.M., Ferguson, M.W.J., 1992. The fate of medial epithelial cells
during palatal fusion in vitro: an analysis by DiI labelling and confocal
microscopy. Development 114, 379–388.
Carl, T.F., Dufton, C., Hanken, J., Klymkowsky, M.W., 1999. Inhibition of
neural crest migration in Xenopus using antisense slug RNA. Dev. Biol.
213, 101–115.
Carver, E.A., Jiang, R., Lan, Y., Oram, K.F., Gridley, T., 2001. The mouse
Snail gene encodes a key regulator of the epithelial –mesenchymal
transition. Mol. Cell. Biol. 21, 8184–8188.
Cuervo, R., Valencia, C., Chandraratna, R.A., Covarrubias, L., 2002. Pro-
grammed cell death is required for palate shelf fusion and is regulated
by retinoic acid. Dev. Biol. 245, 145–156.
Cui, X.M., Wartburton, D., Zho, J., Crowe, D.L., Shuler, C.F., 1998. Immu-
nohistochemical localization of TGF-beta type II receptor and TGF-beta3
during palatogenesis in vivo and in vitro. Int. J. Dev. Biol. 42, 817–820.
Cui, X.M., Chai, Y., Chen, J., Yamamoto, T., Ito, Y., Bringas, P., Shuler, C.F.,
2003. TGF-beta3-dependent SMAD2 phosphorylation and inhibition of
MEE proliferation during palatal fusion. Dev. Dyn. 227, 387–394.
Del Barrio, M.G., Nieto, M.A., 2002. Overexpression of Snail family
members highlights their ability to promote chick neural crest forma-
tion. Development 129, 1583–1593.
Dickinson, M.E., Selleck, M.A., McMahon, A.P., Bronner-Fraser, M.,
1995. Dorsalization of the neural tube by the non-neural ectoderm.
Development 121, 2099–2106.
Ferguson, M.W.J., 1988. Palate development. Development 103, 41–60
(Suppl.).
Fitchett, J.E., Hay, E.D., 1989. Medial edge epithelium transforms to mes-
enchyme after embryonic palatal shelves fuse. Dev. Biol. 131, 455–474.
Gato, A., Martinez, M.L., Tudela, C., Alonso, I., Moro, J.A., Formoso,
M.A., Ferguson, M.W.J., Martı´nez-A´lvarez, C., 2002. TGF-h-induced
chondroitin sulphate proteoglycan mediates palatal shelf adhesion. Dev.
Biol. 250, 393–405.
Gehris, A.L., D’Angelo, M., Greene, R.M., 1991. Immunodetection of the
transforming growth factor h1 and h2 in the developing murine palate.
Int. J. Dev. Biol. 35, 17–24.
Gotzmann, J., Huber, H., Thallinger, C., Wolschek, M., Jansen, B., Schulte-
Hermann, R., Beug, H., Mikulits, W., 2002. Hepatocytes convert to a
fibroblastoid phenotype through the cooperation of TGF-beta1 and Ha-
Ras: steps towards invasiveness. J. Cell Sci. 115, 1189–1202.
Graham, A., Francis-West, P., Brickell, P., Lumsden, A., 1994. The signal-
ling molecule BMP4 mediates apoptosis in the rhombencephalic neural
crest. Nature 372, 684–686.
Griffith, C.M., Hay, E.D., 1992. Epithelial–mesenchymal transformation
during palatal fusion: carboxyfluorescein traces cells at light and elec-
tron microscopic levels. Development 116, 1099–1987.
C. Martı´nez-A´lvarez et al. / Developmental Biology 265 (2004) 207–218218Hamburger, V., Hamilton, H., 1951. A series of normal stages in the devel-
opment of the chick embryo. J. Morphol. 88, 49–92.
Inoue, A., Seidel, M.G., Wu, W., Kamizono, S., Ferrando, A.A., Bronson,
R.T., Iwasaki, H., Akashi, K., Morimoto, A., Hitzler, J.K., Pestina, T.I.,
Jackson, C.W., Tanaka, R., Chong, M.J., McKinnon, P.J., Inukai, T.,
Grosveld, G.C., Look, A., 2002. Slug, a highly conserved zinc finger
transcriptional repressor, protects hematopoietic progenitor cells from
radiation-induced apoptosis in vivo. Cancer Cells 2, 279–288.
Inukai, T., Inoue, A., Kurosawa, H., Goi, K., Shinjyo, T., Ozawa, K., Mao,
M., Inaba, T., Look, A.T., 1999. Slug, a ces-1-related zinc finger tran-
scription factor gene with antiapoptotic activity is a downstream target
of the E2A-HLF oncoprotein. Mol. Cell 4, 343–352.
Kaartinen, V., Voncken, J.M., Shuler, C., Warburton, D., Bu, D., Heiater-
kamp, N., Groffen, J., 1995. Abnormal lung development and cleft
palate in mice lacking TGF-h3 indicates defects of epithelial–mesen-
chymal interaction. Nat. Genet. 11, 415–421.
Kaartinen, V., Cui, X.M., Heisterkamp, N., Groffen, J., Shuler, C.F., 1997.
Transforming growth factor-h3 regulates transdifferentiation of medial
edge epithelium during palatal fusion and associated degradation of the
basement membrane. Dev. Dyn. 209, 255–260.
LaBonne, C., Bronner-Fraser, M., 2000. Snail-related transcriptional re-
pressors are required in Xenopus both for induction of the neural crest
and its subsequent migration. Dev. Biol. 221, 195–205.
Lidral, A.C., Romiti, P.A., Basart, A.M., Doetschmann, T., Leysens, N.J.,
Daak-Hirsch, S., Semina, E.V., Johnson, L.R., Machida, J., Burds, A.,
Parnell, T.J., Rubenstein, J.L.R., Murray, J.C., 1998. Association of
MSX1 and TGFh3 with nonsyndromic clefting in humans. Am.
J. Hum. Genet. 63, 557–568.
Liem Jr., K.F., Tremml, G., Roelink, H., Jessell, T., 1995. Dorsal differ-
entiation of neural plate cells induced by BMP-mediated signals from
epidermal ectoderm. Cell 82, 969–979.
Locascio, A., Manzanares, M., Blanco, M.J., Nieto, M.A., 2002. Modu-
larity and reshuffling of Snail and Slug expression during vertebrate
evolution. Proc. Natl. Acad. Sci. U. S. A. 99, 16841–16846.
Martı´nez-A´lvarez, C., Tudela, C., Pe´rez-Miguelsanz, J., O’Kane, S., Puerta,
J., Ferguson, M.W.J., 2000a. Medial edge epithelial cell fate during
palatal fusion. Dev. Biol. 220, 343–357.
Martı´nez-A´lvarez, C., Bonelli, R., Tudela, C., Gato, A., Mena, J., O’Kane,
S., Ferguson, M.W.J., 2000b. Bulging medial edge epithelial cells and
palatal fusion. Int. J. Dev. Biol. 44, 331–335.
Metzstein, M.M., Horwitz, H.R., 1999. The C. elegans cell death specifi-
cation gene ces-1 encodes a Snail family zinc finger protein. Mol. Cell
4, 309–319.
Mori, C., Nakamura, N., Okamoto, Y., Osawa, M., Shiota, K., 1994.
Cytochemical identification of programmed cell death in the fusing
fetal mouse palate by specific labeling of DNA fragmentation. Anat.
Embryol. 190, 21–28.
Motyl, T., Grzelkowska, K., Zimowska,W., Skierski, J., Wareski, P., Ploszaj,
T., Trzeciak, L., 1998. Expression of bcl-2 and bax in TGF-beta 1-in-
duced apoptosis of L1210 leukemic cells. Eur. J. Cell Biol. 75, 367–374.
Nieto, M.A., 2001. The early steps of neural crest development. Mech.
Dev. 105, 27–35.
Nieto, M.A., 2002. The Snail superfamily of zinc finger transcription fac-
tors. Nat. Rev., Mol. Cell Biol. 3, 155–166.
Nieto, M.A., Bennet, M.F., Sargent, M.G., Wilkinson, D.G., 1992. Cloning
and developmental expression of Sna, a murine homologue of the Dro-
sophila snail gene. Development 116, 227–237.
Nieto, M.A., Sargent, M., Wilkinson, D.G., Cooke, J., 1994. Control of cell
behavior during vertebrate development by Slug, a zinc-finger gene.
Science 264, 836–840.
Nieto, M.A., Patel, K., Wilkinson, D.G., 1996. In situ hybridisation analy-
sis of chick embryos in whole mount and tissue sections. Methods Cell
Biol. 51, 220–235.Oberhammer, F.A., Pavelka, M., Sharma, S., Tiefenbacher, R., Purchio,
A.F., Bursch, W., Schulte-Hermann, R., 1992. Induction of apoptosis in
cultures hepatocytes and in regressing liver by transforming growth
factor h1. Proc. Natl. Acad. Sci. U. S. A. 89, 5408–5412.
Perez-Losada, J., Sanchez-Martin, M., Perez-Caro, M., Perez-Mancera,
P.A., Sa´nchez-Garcia, I., 2003. The radioresistance biological function
of the SCF/kit signaling pathway is mediated by the zinc-finger tran-
scription factor Slug. Oncogene 22, 4205–4211.
Piedra, M.E., Ros, M.A., 2002. BMP signaling positively regulates Nodal
expression during left right specification in the chick embryo. Develop-
ment 129, 3431–3440.
Proetzel, G., Pawlowski, S.A., Wiles, M.V., Yin, M., Boivin, G.P., Howles,
P.N., Ding, J., Ferguson, M.W.J., Dotschman, T., 1995. Transforming
growth factor-h3 is required for secondary palate fusion. Nat. Genet. 11,
409–414.
Romano, L., Runyan, R.B., 2000. Slug is and essential target of TGFh2
signaling in the developing chicken heart. Dev. Biol. 223, 91–102.
Ros, M., Sefton, M., Nieto, M.A., 1997. Slug, a zinc finger gene pre-
viously implicated in the early patterning of the mesoderm and the
neural crest, is also involved in chick limb development. Develop-
ment 124, 1821–1829.
Sa´nchez, A., Alvarez, A.M., Benito, M., Fabregat, I., 1996. Apoptosis
induced by transforming growth factor-h in fetal hepatocytes primary
cultures. J. Biol. Chem. 271, 7416–7422.
Sefton, M., Sanchez, S., Nieto, M.A., 1998. Conserved and divergent roles
for members of the Snail family of transcription factors in the chick and
mouse embryo. Development 125, 3111–3121.
Shabana, A.H., Ouhayoun, J.P., Sawaf, M.H., Forest, M., 1991. Cytoker-
atin patterns of human oral mucosae in histiotypic culture. Arch. Oral
Biol. 36, 747–758.
Shah, M., Foreman, D.F., Ferguson, M.W.J., 1995. Neutralisation of TGF-
h1 and TGF-h2 or exogenous addition of TGF-h3 to cutaneous rat
wounds reduces scarring. J. Cell Sci. 108, 985–1002.
Shin, I., Bakin, A.V., Rodeck, U., Brunet, A., Arteaga, C.L., 2001. Trans-
forming growth factor h enhances epithelial cell survival via AKT-
dependent regulation of FKHRL1. Mol. Biol. Cell 12, 3328–3339.
Shuler, C.F., Halpern, D.E., Guo, Y., Shank, C., 1992. Medial edge epi-
thelium fate by cell lineage analysis during epithelial –mesenchymal
transformation in vivo. Dev. Biol. 154, 318–330.
Smith, D.E., Franco del Amo, M., Gridley, T., 1992. Isolation of Sna, a
mouse gene homologue to the Drosophila genes snail and escargot: its
expression pattern suggests multiple roles during postimplantation de-
velopment. Development 116, 1033–1039.
Spagnoli, F.M., Cicchini, C., Tripodi, M., Weiss, M.C., 2000. Inhibition of
MMH (Met murine hepatocyte) cell differentiation by TGF-h is abro-
gated by pretreatment with the inheritable differentiation factor FGF1.
J. Cell Sci. 113, 3639–3647.
Sun, D., Vanderburg, C.R., Odierna, G.S., Hay, E.D., 1998. TGFh3 pro-
motes transformation of chicken palate medial edge epithelium to mes-
enchyme in vitro. Development 125, 95–105.
Taniguchi, K., Sato, N., Uchiyama, Y., 1995. Apoptosis and heterophagy of
medial edge epithelial cells of the secondary palatine shelves during
fusion. Arch. Histol. Cytol. 58, 191–203.
Taya, Y., O’Kane, S., Ferguson, M.W.J., 1999. Pathogenesis of cleft palate
in TGF-h knockout mice. Development 126, 3869–3879.
Tudela, C., Formoso, M.A., Martinez, T., Pe´rez, R., Aparicio, M., Maestro,
C., Del Rı´o, A., Martı´nez, E., Ferguson, M.W.J., Martı´nez-A´lvarez, C.,
2002. TGF-h3 is required for the adhesion and intercalation of medial
edge epithelial cells during palate fusion. Int. J. Dev. Biol. 46, 333–336.
Valde´s, F., A´lvarez, A.M., Locascio, A., Vega, S., Herrera, B., Ferna´n-
dez, M., Benito, M., Nieto, M.A., Fabregat, I., 2002. The epithelial
mesenchymal transition confers resistance to the apoptotic effects of
TGF-h in fetal rat hepatocytes. Mol. Cancer Res. 1, 68–78.
